Abstract-This paper presents an analysis of ENSIVAT Advanced Synthetic Aperture Radar data acquired over a Sahelian region located in Mali, West Africa. The considered period is 2004-2005 and includes two rainy seasons. Emphasis is put on two ScanSAR modes, namely, the Global Monitoring (GM) and the Wide Swath (WS) modes characterized by spatial resolutions of about 1 km and 150 m, respectively. Results show that the WS mode offers better performance in terms of radiometric resolution, radiometric stability, and speckle reduction than the GM mode. The latter is more appropriate for studies at large scale (> 10 × 10 km). In both modes, pronounced angular and temporal signatures are observed for most soil surfaces, and azimuthal effects are observed on markedly orientated rocky surfaces. In contrast, polarization differences (VV/HH) are small during the dry season except on flat loamy soil surfaces. Finally, a relationship is observed between the normalized WS backscattering signal at HH polarization and the surface soil moisture of sandy soils.
I. INTRODUCTION

S
EVERAL years of active microwave C-band observations have been available over the Sahel since July 1991 with the launching of the European Remote Sensing (ERS) satellite ERS-1, followed by ERS-2 in 1995, by RADARSAT in 1995, and by the Advanced Synthetic Aperture Radar (ASAR) onboard ENVISAT in 2002. Among them, the ERS platforms carry two types of active microwave instruments that could be used at different spatial and temporal scales for monitoring continental regions like the Sahelian belt, namely, Manuscript received February 17, 2006 ; revised January 18, 2007 . This work was supported in part by the African Monsoon Multidisciplinary Analysis (AMMA) Program and in part by the French ECosphére COntinentale/ Programme National Biosphére Continentale (ECCO/PNBC) Program. Based on a French initiative, AMMA was built by an international scientific group and is currently funded by a large number of agencies, especially from France, U.K., U.S., and Africa. It has been the beneficiary of a major financial contribution from the European Community's Sixth Framework Research Programme. Detailed information on scientific coordination and funding is available on the AMMA International web site http://www.amma-international.org. the Wind Scatterometer (WSC) and the Synthetic Aperture Radar (SAR) [1] . On one hand, owing to its high temporal repetitivity (four to five days in theory) associated to a spatial resolution of about 50 km, the ERS WSC has provided useful data over the Sahel during a ten-year period [2] - [6] . Since 2001, QuickScat scatterometer observations took over from those delivered by ERS [7] , although at a higher microwave frequency. Studies of these data have shown that Sahelian surfaces exhibit marked seasonal and interannual signatures [2] . The potential of spaceborne C-band scatterometers for observing semiarid areas originates from their high sensitivity to the drastic changes of surface dielectric properties between the successive dry and wet seasons, including the amount of green vegetation and the top-soil moisture content [4] , [8] , [9] . Observations made at large incidence angles were found in to be good agreement with vegetation cover, whereas low incidence angle acquisitions were related to the variation of soil-moisture content [5] , [9] .
On the other hand, the ERS SAR has provided high spatial resolution acquisitions [10] , [11] at about 23
• of incidence angle. At such angles, there is a good relationship between the backscattering coefficient and the surface soil moisture (SSM) [1] , [11] . However, the low temporal repetitivity (35 days) of SAR observations prevents regular monitoring of the SSM.
With a spatial resolution that ranges between 150 m and 1 km, associated to a temporal repetitivity of a few days, ENVISAT/ASAR data with two of its ScanSAR modes [Wide Swath (WS) and Global Monitoring (GM)] fill the gap between the high spatial resolution/low temporal repetitivity SARs like the one onboard ERS and the low spatial resolution/high temporal resolution scatterometers like the ones onboard ERS and QuickScat. Furthermore, these ENVISAT ASAR data are consistent with the low-and medium-resolution optical images like those acquired by the National Oceanic and Atmospheric Administration/Advanced Very High Resolution Radiometer, Terra/Moderate Resolution Imaging Spectroradiometer, and Satellite Pour l'Observation de la Terre (SPOT)/Vegetation instruments, allowing a synergetic use of both data sets. However, these new observation modes for SAR data still need to be evaluated prior to their integration into a multispectral framework.
This paper aims to investigate the capabilities of ENVISAT/ ASAR data to characterize and monitor soil surfaces in the Sahelian region. Emphasis is put on coarse-and mediumresolution images which offer a better temporal repetitivity and spatial coverage than the high-resolution ones. The considered period is January 2004-December 2005. This paper is organized as follows: The study site and the associated ground and radar data are described in Section II. Section III presents the 0196-2892/$25.00 © 2007 IEEE data analysis and results. The conclusions and perspectives are given in Section IV. This paper is part of the African Monsoon Multidisciplinary Analysis (AMMA) [12] project whose objectives are to provide a better understanding of the interannual and seasonal variability of the west African monsoon.
II. DATA AND TEST SITE
A. Gourma Region
The study site is located in the Gourma region in Mali between 14.5 • N and 17.5
• N and 1 • W and 2
• W. This region entirely belongs to the Sahel bioclimatic zone and extends to the south of the Niger River between Timbuctu and Gao down to the border with Burkina-Faso (Fig. 1) . This is mainly a pastoral region bracketed by the annual 500-and 150-mm isohyets. Rain distribution is strictly monomodal with rainfalls starting in June and ending in September with a peak in August. The rainy season is then followed by a long dry season characterized by the absence of green vegetation apart from some scattered trees and shrubs. Rangeland vegetation is composed of a herbaceous layer dominated by annual species and a sparse woody plant population. Herb growth is strongly influenced by the soilmoisture regime that results from the pattern and magnitude of rainfall events and by and from runoff influenced by topography and soil texture. Annual herbs germinate after the first rains in June or July, and unless the plants wilt before maturity by lack of rain, the senescence matches approximately with the end of the rainy season. The Gourma is part of a large sedimentary basin, and the bedrocks are mainly composed of Precambrian sandstones and schists. In addition to rock outcrops, there are extended erosion surfaces on ferralitic hard pans, alluvial systems, lacustrine depressions, and extended fixed dune systems.
B. Field Data Collection
Based on visual interpretation of a color composite of Landsat scenes at the scale of 1/200 000, Gourma has been stratified into nine types of soil substrate (Hiernaux, unpublished data) listed in Table I . The nine types of soils include rock outcrops (R), soils covered by gravels or iron pan (G), sand dune (D), sandy plain (S), sand sheet (E), loamy sands (T), loamy flats (L), clay plains (A), and flooded depressions (H). At that scale, most of the land units are mosaic of up to four soil types. The relative area, in percent, covered by each component soil type was estimated in number of deciles. For this analysis, each land unit has been characterized by the dominant soil type (equal or more than 40% of the area) of the mosaic. Within the Gourma window, the dominant soil classes are represented by the sandy soils (D, E, and S), the gravely/rocky soils (G and R), and to a lesser extent by the loamy and clayed soils (L, A, and H). These classes cover 52%, 29.3%, and 18.7%, respectively.
Twenty-two monitored field sites are located along a north-south transect within a 3
• × 1 • window that constitutes the AMMA mesoscale site in Mali (see Fig. 1 ). The size of the sites is 3 × 3 km 2 except the four sites for which the considered surface is restricted to 1 × 1 km 2 due to the heterogeneity of the soils. These sites are distributed within the nine identified soil classes previously defined. The sites' coordinates and soil class are given in Table II .
The standing mass and green cover of herbaceous, and the crown cover of woody plants were seasonally monitored in the 22 field sites (see [13] for the sampling method). Overall, the woody plant cover is low (2%-6%) on most sites apart from the three open forest sites (30%-40%). In addition, the green leaf area index (LAI) was estimated by hemispherical photographs at site #17 [14] . Automatic measurements of the SSM were also recorded at the site #17 for which a more detailed analysis is conducted in the last section of this paper. These measurements are performed using a theta probe sensor [15] , which was set at 5-cm depth. Due to the homogeneity of this field site, local SSM measurements are assumed to be representative of the entire site.
C. Description of ENVISAT ASAR Data
The ENVISAT satellite was launched by the European Space Agency (ESA) on March 1, 2002. Onboard are the different Earth observation instruments, one of which is a radar sensor: ASAR [16] . This instrument is a multimode sensor which operates in the C-band (5.3 GHz) at several polarizations (HH, VV, HV, and VH), incidence angles, and spatial/ radiometric resolutions depending on the functioning mode [16] , [17] . At this frequency, atmospheric perturbations can be considered negligible except large convective systems [18] . The ASAR instrument may operate as a conventional stripmap SAR (image and wave modes) or as a ScanSAR (GM, WS, and alternating polarization modes) [19] , [20] . As there is only one power supply for the ASAR antenna, the five modes are exclusive operations.
The ASAR data are provided by ESA [21], [22] . In this paper, emphasis is put on the two following ScanSAR modes: GM and WS. For these two modes, the incidence angles range between 16
• and 43
• [19] , [23] . The temporal repetitivity for the ScanSAR modes over the Gourma window is of about three images per decade (ten days) over the 2004-2005 period. All the images used are level 1b products [23] .
D. Data Calibration and Geocoding
ASAR data are calibrated using Basic ENVISAT SAR Toolbox software provided by ESA [24] . The calibration algorithm can be found in [25] . The geocoding is performed using 
E. Evaluation of Data Quality
The general performances of the two concerned ScanSAR modes (GM and WS) and one stripmap mode (IM) are compared to the ERS SAR in Table III [17] . The radiometric resolution determines the ability of a SAR system to distinguish different uniform regions, by assuming negligibly the radar noise from the distributed target. Within a resolution cell, speckle and thermal noise affect the variance of the backscattered power received by the ASAR. The radiometric resolution is given by the confidence interval associated to the measurements (at 1σ, 1.96σ, . . . , where σ denotes the standard deviation). Similar performances are given for the ASAR WS, GM, and IM modes with radiometric resolutions ranging between 1.6, 1.4, and 1.54 dB (Table III) , respectively, which is a significant improvement when compared to the ERS-1/2 one (2.07 dB). The radiometric accuracy is the absolute accuracy of the radar cross-sectional measurement of a target imaged by a SAR (i.e., the difference between the actual and measured target radar cross section). The radiometric accuracy does not show significant differences between modes with values of about 0.45 dB (Table III) . The radiometric stability is the standard deviation of the measured radar cross section over time. The performances are similar for the IM and WS modes with values of about 0.35 dB and reach 0.5 dB for the GM mode. The radar noise equivalent σ 0 n measures the thermal noise of the instrument, and it also depends on the satellite product type. The average σ 0 n are −23.0, −33.2, and −20.8 dB in WS, GM, and IM modes, respectively [19] . The noise equivalent of the GM mode is significantly smaller due to the narrower bandwidths, both in range and azimuth [27] , [28] . In contrast, the effective number of looks is only 7 compared to 13 for the WS mode (Table III) . The spatial resolutions are about 150, 1000, and 30 m for the WS, GM, and IM modes, respectively.
The backscattering coefficient σ 0 is estimated for each site, by averaging pixel values over a 3 × 3 (or 1 × 1) km 2 window in order to reduce radiometric errors due to speckle and neglecting σ 0 n . Fig. 2 illustrates the variation of σ 0 and of the associated radiometric resolution for the sandy site #17, as a function of the size of the sampling window for the two ScanSAR modes at VV polarization. The radiometric resolution R rad for the measured intensity (at 1σ) is estimated as [25] R rad = 10 log 1
where NL eff , N pixel_az , N pixel_ra , NL az , and NL ra denote the effective look number, the number of azimuthal pixels, the number of range pixels, the number of azimuthal looks, and the number of range looks, respectively. R is the number of pixels per independent pixel in the data product and can be calculated as follows:
where ρ az , ρ ground−ra , and ∆ spa_az , ∆ spa_ra denote the azimuthal spatial resolution (149 and 949 m for WS and GM, respectively), the ground range spatial resolution (145 and 977 m), and the azimuth and ground range pixel spacing (75 and 500 m), respectively. Equation (2) gives R = 3.84 in WS mode and R = 3.70 in GM mode. Results show that a 3 × 3-km window is large enough to obtain a good accuracy in WS mode (Fig. 2 ). With such a window, the radiometric resolution is about ±0.06 dB for a mean backscattering coefficient of −17.1 dB in WS mode, whereas it amounts to ±0.6 dB for a mean backscattering coefficient of −16.5 dB in GM mode. The weaker performance of the GM mode can be explained by its coarser spatial resolution (1 km versus 150 m) and by its lowest effective number of looks (7 versus 13). A 10 × 10 km window would be at least required to get performance similar to that of the WS mode. The difference of the means σ 0 observed in the two images is due to the different incidence angles of 31
• for the GM mode and 42
• for the WS modes. The radiometric stability is estimated for each field site during the dry seasons in 2004 and 2005. During these periods, the surfaces are assumed to be constant, i.e., there is no temporal variation of the dielectric and geometrical properties of the surfaces, which is a reasonable assumption considering the absence of precipitation and the dryness of the vegetation. Overall, the estimated radiometric stability is better in WS mode (0.32 dB) than in GM one (0.55 dB), indicating a good stability of the instrument in WS mode.
For a 3 × 3 km window, assuming all errors are independent and summable (stability, accuracy, and resolution), the estimated confidence interval is ±0.58 dB (at 1σ) in WS mode and +0.89/−0.93 dB (at 1σ) for GM mode. Fig. 3 illustrates ASAR images of the same area (center: 17.1
• N, 1.6
• W) acquired in the GM, WS, and IM modes. The selected area is located in the northern part of the mesoscale window across the Niger river valley. The GM, WS, and IM images have been acquired during the dry season on February 24, 4, and 26, 2004, respectively. Among the three images, the GM one looks very noisy and is the most difficult image to interpret, whereas the IM mode displays a lot of details (sand dunes, Niger stream bed and flood plains, . . .) which can also be observed on the WS image. Fig. 4 shows a comparison between an ASAR-WS image acquired at VV and HH polarization and the soil map for the Hombori supersite (see Fig. 1 for its location) during the dry period. Several landscape traits are highlighted on the ASAR-WS image. The most striking feature is the stream network that appears with high backscattering values (clear), particularly at HH polarization. The stream network is particularly obvious in the top part of the image (north of the site #17). The clay plain that cuts the west to the east at the latitude of site #21 also appears very clearly with high values at HH polarization. The same applies to the narrow valley located immediately to the north of site #22 and to the valley to the west of site #31. The high backscattering values observed in the valleys are due either to the dense woody plant population partially foliated at that season or to the soil humidity. The southeast slopes of escarpments such as that of the sandstone plateaus to the west of site #31 and north of site #19 exhibit very high backscattering values, especially at VV polarization, while the steepest slopes oriented northwest present null values (black) corresponding to radar shadow. Other rocky soils, with very sparse trees, present a linear pattern of higher values over the schist-dominated erosion surfaces in the north of the image (site #40), and no distinct pattern over the iron-pan flat dominates in the southern part of the image (site #22). On schist, the linear pattern follows that of the schist folding. Sandy soils such as in sites #17, #18, #19, and #31 appear with relative low backscattering values, due to both a small roughness and low dielectric constant at 5.3 GHz [29] . The linear pattern of the large sand-dune systems that are located in between sites #18 and #19, for instance, is not visible on the ASAR-WS image neither at VV nor at HH polarization.
III. DATA ANALYSIS
This section aims to analyze the angular, polarization, and temporal ASAR signatures of the 22 field sites in the Gourma window. Emphasis is put on the GM images since the number of available data is much higher for this mode. The period considered is the dry season, that is, from November 2004 to May 2005. During this period, dielectric and geometrical properties of the surfaces can be considered constant, therefore allowing radar signature comparisons between sites. Indeed, most herbaceous are annuals which wilt from mid-September no matter what the soil-moisture status is and, thus, do not affect the radar response during this period. To the contrary, the heterogeneity, in space and time, of the rainfall events during the rainy season associated to the heterogeneity of the spatial distribution of grass vegetation prevents such comparisons.
A. Angular Signatures 1) Azimuthal Angle:
Azimuthal signatures result from differences between observations made during ascending (as) and descending (de) passes, i.e., at two different azimuthal angles. These differences are expected to be large over arid regions showing well-orientated structures such as sand dunes [7] , [30] . The two azimuthal angles of the ASAR instrument are about 100
• and 260
• with reference to the North. On the whole, the azimuthal differences observed are smaller than 1 dB, whatever the polarization, except for the rocky and gravely sites (#16 and #40). For these sites, the azimuthal difference is pronounced at HH polarization and varies between 1.49 and 2.06 dB. Such a difference is illustrated in Fig. 5 for the rocky site #16. In that particular case, the azimuthal difference could be linked to the linearly orientated pattern of the relief due to differential erosion (a few to 50-m elevation difference) of alternating soft schist and hard sandstone layers in high dip folding. It could also be influenced by schistosity that parallels the relief pattern. In contrast, no significant azimuthal signature is found for the sand dune class (D) probably because the fixed dunes are not as sharp, high, and linear as the active dune systems found in the Sahara desert for which the large azimuthal effects are observed.
2) Incidence Angle: During the dry season when both green herbs are absent and the top-soil layer is dry (volumetric SSM is less than 1%), the angular signatures mainly depend on topography and soil roughness, and, to a lesser extent, on the characteristics of the woody plant population (density, crown cover, and standing biomass). The representativeness of the selected sites has been verified by comparing their angular signatures to those of the area of the Gourma map attributed to the corresponding soil classes. Fig. 6 (a) and (b) shows that the angular signatures are strongly dependent on the soil roughness and site geomorphology. A high soil roughness, e.g., on the gravely site #8, is associated with a high backscattering coefficient and a small slope (about 0.2 dB/ • ) at both polarizations. In contrast, the loamy flat site #2 characterized by a very smooth soil surface exhibits the lowest backscatter associated with a high slope (0.34 and 0.41 dB/
• at VV and HH, respectively). Between these two extremes, the angular signatures of the sandy soils (flat site #1 and hilly sites #14 and #17) are directly dependent on soil roughness and site topography. Overall, a better discrimination between soil classes is obtained at high incidence angles (> 35
• ) in both polarizations.
B. Polarization Signatures
An important characteristic of the ENVISAT ASAR is its ability to acquire data in the two linear polarizations HH and VV. However, these observations are made at different dates in GM and WS modes, impeding optimally combined utilization of polarization signatures. Overall, the absolute polarization difference |σ 0 VV − σ 0 HH | rarely exceeds 1 dB whatever the incidence angle is. There is one exception with the loamy site #2 and more generally with the soil class (L), characterized by a very flat surface, fine soil texture (loam), and a very sparse shrub layer. In this case, the polarization difference reaches values as high as 3 dB around 30
• of the incidence angle. The VV backscattering coefficient is higher or equal to the HH one except in the forest sites. 
C. Temporal Signatures
The measured backscattering coefficient of a given site measured throughout the year is influenced by the temporal variation of soil roughness, SSM, and vegetation cover [31] , [32] . As for previous studies based on ERS scatterometer data [5] , soil roughness is assumed constant over the year at the considered spatial scale (3 × 3 km 2 ). Consequently, observed temporal variations of σ 0 are interpreted in terms of SSM and vegetation-cover variations. Prior to this analysis and because ASAR data are acquired at different incidence angles, an angular normalization must be applied to the observations. 1) Incidence Angle Normalization: Following the methodology applied to ERS scatterometer data [2] , [33] , a polynomial (second order) fit is used to model the variation of the backscattering coefficient (in decibels) versus the incidence angle. For each site, all the data acquired at various incidence angles during the dry period are used to establish the regression function. Then, this function is used to normalize the whole data set, collected during the dry and wet seasons, at an incidence angle of 23
• . In order to minimize possible vegetation effect at high incidence angle for the data acquired during the wet season, a new condition is included in data processing. The condition is based on the following rules [31] .
1) Only consider the WS and GM data acquired at angles lower than 30
• when green LAI is higher than 0.4 m 2 /m 2 . 2) Consider all WS and GM data acquired at whatever incidence angles when green LAI is lower than 0.4 m 2 /m 2 .
TABLE IV ASAR/ENVISAT GM AND WS IMAGE CONFIGURATIONS
Anyway, the large observed variations of the backscattering coefficient during the rainy season that result from changes in soil moisture and vegetation parameters do not allow the derivation of a regression function that would be specific for the wet season. Moreover, normalization errors in the dry season are estimated for the two studied modes. The mean errors are equal to ±0.25 and to ±0.3 dB in the WS and GM modes, respectively. Finally, the total errors, including stability, accuracy, resolution, and normalization errors, are equal to ±0.63 and ±0.96 dB in WS and GM modes. Fig. 7 illustrates the temporal variation of the backscattering coefficient after angular normalization for the site #17 over 2004 and 2005 period, and the configurations of the SAR images used are presented in Table IV . Rainfall events are indicated, showing the succession of dry and wet seasons. In view of the results obtained during the dry seasons for which the backscattering coefficient must be stable, the performance of the simple normalization procedure can be considered satisfactory. Estimated mean standard deviation of the signal during the dry season is equal to 0.5 dB when considering the two study modes. The same procedure is thus applied to the different sites. On the whole, the maximum range of the annual dynamics of σ 0 (23 • ) is observed at HH polarization with values of about 6 dB for the clayed soil class (A) located in depressions. On the contrary, the smallest of the annual dynamics of about 1 dB is found over the gravely (G) and rocky (R) soil classes over which herbaceous vegetation remains extremely sparse. Sandy soils exhibit a variety of dynamic ranges from 1 to 6 dB depending on the rainfall and vegetation cover. (Fig. 7) which belongs to the more frequent soil class (D) within the Gourma region. However, similar temporal profiles are observed over the different sites apart from the gravely and rocky sites which show weak variations throughout the year. For the other sites, the backscatteringcoefficient time series exhibits a marked seasonality associated with the succession of dry and wet seasons. Low σ 0 (23 • ) values are observed during the dry season from November to May (Day of the Year 305-480) when the soil surface is dry and green vegetation is absent. During this period, the signal is stable with a mean value of about −13.3 dB and a standard deviation of 0.55 dB in GM mode, and 0.32 dB in WS mode. However, a slight increase is observed from October to December followed by a slight decrease from January to May. The lowest values are observed at the onset of the 2005 wet season, just following the first rains. This decrease of about 1 dB affects both polarizations and modes and has already been observed at various spatial scales over the Sahel using ERS WSC data [5] , [30] and ENVISAT SAR data [10] . Such a decrease in the backscattering is not currently fully understood and might be attributed to a decrease of the surface roughness. However, preliminary observations show no significant variation of the soil roughness. In the wet season of 2005, the soil and the vegetation growth are associated with an increase of the backscattering up to a maximum of about −9.0 dB occurring in August. Green LAI for the herbaceous layer reaches maximum values of about 1.8 by the end of August. The peak of the backscatter is followed by a prompt decrease in September or October which corresponds both to the drying of the soil surface and to the senescence of the herbaceous vegetation. The annual amplitude is about 3-4 dB for both seasons in whatever polarization.
The interpretation of these σ 0 temporal series requires a theoretical modeling of the interaction occurring between the incident radar wave and the various components of the illuminated scene. At the considered scale (3 × 3 km 2 ), the backscattered signal results from different contributions, namely, surface scattering from bare soil and from the soil beneath the vegetation canopy, volume scattering by the vegetation, and interactions between the vegetation components and the soil.
Following the approach proposed in [5] , [9] , and [34] , the total scene backscattering coefficient σ 0 total is given as the incoherent sum of two components: σ where θ i is the incidence angle and ν c is the vegetation-cover fraction provided by the vegetation-growth model. σ 0 canopy is calculated using the zero-and first-order solutions of the radiative transfer equation [35] . The vegetation canopy is modeled as a collection of discrete and randomly orientated ellipsoids whose dimensions are chosen to be representative of the main plant species. Vegetation and soil parameters are given in Table V [5], [9] . Besides, the daily variation of vegetation parameters is provided by the vegetation-growth model Sahelian Transpiration and Evaporation Production model (STEP) [33] . In addition, the Oh model [36] is used to simulate the backscattering from the soil, assuming no variation over time of roughness parameters. The daily variation of the simulated backscattering coefficient is compared to the ASAR data acquired at an incidence angle lower than 30
• (Fig. 8) . Overall, there is a good agreement between the model and the data (r = 0.91). At 23
• of incidence angle, the volume scattering from the vegetation remains very low even at the peak of biomass and can be considered negligible, which confirms that vegetation effects can be neglected at low incidence angles. Model simulations indicate that the measured backscatter originates from two main contributors, namely, the soil surface and the interaction between the soil and the vegetation. These contributions are mainly driven by SSM which controls the dielectric properties of the upper soil profile which interacts with the incident wave.
3 Fig. 9(a) and (b) ]. In order to minimize the vegetation effect when LAI is higher than 0.4 m 2 /m 2 , only the WS and GM data acquired at low incidence angles are considered. All data are used when green LAI is lower than this threshold.
Results show that the normalized backscattering coefficient is correlated to SSM in both ScanSAR modes with the best result obtained in the WS mode (r = 0.81, n = 35), whereas a weak correlation is found in GM mode (r = 0.55, n = 7). It is also important to notice that studies dealing with SSM estimation using SAR data in semiarid rangelands generally deal with larger ranges of SSM (up to 30%). In these studies, only weak relationship appears at low SSM (< 15%) [37] , [38] . Consequently, WS mode appears to be suitable for SSM estimation.
IV. CONCLUSION
The potential of ENVISAT/ASAR data to characterize and monitor Sahelian soil surfaces is evaluated. Emphasis is put on the analysis of coarse-(GM) and medium-resolution (WS) images delivered by the ScanSAR since they present a good spatial coverage associated to a high temporal repetitivity of a few days (about three to four days in the Sahel). Compared to the GM mode, WS data offer better performance in terms of radiometric, resolution, and radiometric stability. However, in both cases, delivered data at the original resolution (1000 and 150 m) must be averaged over a large window in order to reduce speckle effects. The WS mode must be preferred when dealing with local (10 km 2 ) to mesoscale (several 10 2 km 2 ) issues. Besides, the GM mode should be more appropriate for a GM survey with a spatial resolution of at least 10 × 10 km.
The analysis of the data recorded during the 2004-2005 period over the AMMA Gourma site in Mali shows that the Sahelian surfaces exhibit pronounced angular and temporal signatures that might be used for discriminating soil surface types. In contrast, observed copolarized ratios are small for most of the surfaces observed during the dry season apart from the flat loamy soil class which presents a smooth surface. The joint use of VV and HH data can be advantageously used to identify this specific soil type. The potentialities of combined VV and HH data during the rainy season have not been evaluated due to the absence of simultaneous acquisitions in both polarizations. This point should be addressed in a future work using the ASAR alternating polarization mode, which permits dual observations at different polarizations (HH/VV, HH/HV, or VV/VH). 
